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<J4)  Data  processing  system. 

(57)  A  data  processing  system  comprising  multiple  proces- 
sing  nodes  (10)  each  containing  a  processor  (14)  and  a  data 
store  (15).  The  store  holds  local  data,  and  also  holds  copies 
of  shared  data  required  by  the  node.  This  reduces  conflict 
between  the  nodes  in  accessing  the  shared  data.  When  one 
node  updates  the  shared  data,  it  sends  an  update  message  to 
all  the  other  nodes  over  a  transmission  link  (11).  The 
processor  is  then  free  to  continue  processing.  When  the 
message  reaches  the  other  nodes,  it  updates  the  other  copies 
of  the  shared  data,  so  as  to  ensure  consistency.  Each  node 
receives  messages  from  the  link  in  the  same  order,  and  this 
defines  a  unique  chronological  order  for  the  updates,  even 

N  though  the  nodes  are  asynchronous.  A  node  is  temporarily 
^   suspended  if  an  update  occurs  out  of  this  correct  chronolo- 

gical  order. 
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A   data  processing  system  comprising  multiple  proces- 
sing  nodes  (10)  each  containing  a  processor  (14)  and  a  data 
store  (15).  The  store  holds  local  data,  and  also  holds  copies 
of  shared  data  required  by  the  node.  This  reduces  conflict 
between  the  nodes  in  accessing  the  shared  data.  When  one 
node  updates the  shared  data,  it  sends  an  update  message  to 
all  the  other  nodes  over  a  transmission  link  (11).  The 
processor  is  then  free  to  continue  processing.  When  the 
message  reaches the  other  nodes,  it updates  the  other  copies 
of  the  shared  data,  so  as  to  ensure  consistency.  Each  node 
receives  messages  from  the  link  in  the  same  order,  and  this 
defines  a  unique  chronological  order  for  the  updates,  even 
though  the  nodes  are  asynchronous.  A  node  is  temporarily 
suspended  if  an  update  occurs  out  of  this  correct  chronolo- 
gical  order. 



B a c k g r o u n d   t o  t h e   i n v e n t i o n  

T h i s   i n v e n t i o n   r e l a t e s   to   d a t a   p r o c e s s i n g   s y s t e m s  

of  t h e   k i n d   h a v i n g   a  p l u r a l i t y   of  d a t a   p r o c e s s i n g   u n i t s  

( r e f e r r e d   to   h e r e i n   as  p r o c e s s i n g   n o d e s )   h a v i n g   a c c e s s   t o  

s h a r e d   d a t a ,   c o m m o n  t o   two  or  more   n o d e s .   The  i n v e n t i o n  

i s   a p p l i c a b l e   b o t h   to   m u l t i - c o m p u t e r   s y s t e m s ,   in   w h i c h  

t h e   n o d e s   a r e   s u b s t a n t i a l l y   i n d e p e n d e n t   c o m p u t e r s ,   and  t o  

m u l t i - p r o c e s s o r   s y s t e m s   in   w h i c h   t h e   n o d e s   i n t e r a c t  

c o - o p e r a t i v e l y   to   p e r f o r m   p r o g r a m s   and  s h a r e   common  r e s o u r c e s  

s u c h   as  i n p u t / o u t p u t   d e v i c e s .  

In  a  c o n v e n t i o n a l   m u l t i - p r o c e s s o r   s y s t e m ,   t h e   s h a r e d  

d a t a   i s   h e l d   in  a  common  s t o r e ,   a c c e s s i b l e   to   a l l   t h e   n o d e s .  

Each  node   may  a l s o   h a v e   i t s   own  p r i v a t e   s t o r e   f o r   h o l d i n g  

n o n - s h a r e d   d a t a   u n i q u e   to   t h a t   n o d e .   A  p r o b l e m   w i t h   s u c h  

a  s y s t e m   i s   t h a t   t h e   n o d e s   m u s t   c o m p e t e   f o r   a c c e s s   to   t h e  

s h a r e d   s t o r e   and  h e n c e   t h e r e   may  be  c o n f l i c t   b e t w e e n  

d i f f e r e n t   n o d e s   a t t e m p t i n g   to   a c c e s s   t h e   s h a r e d   s t o r e  

s i m u l t a n e o u s l y .   M o r e o v e r ,   t h e r e   may  be  s i g n i f i c a n t  

t r a n s m i s s i o n   d e l a y s   b e t w e e n   t h e   n o d e s   and  t h e   s h a r e d   s t o r e .  

As  a  r e s u l t ,   a c c e s s   to   t h e   s h a r e d   d a t a   may  be  v e r y   s l o w .  

U .S .   P a t e n t   N o .  3   8 8 9 , 2 3 7   d e s c r i b e s   a  d u a l   p r o c e s s o r  

s y s t e m   in  w h i c h   e a c h   p r o c e s s o r   has   i t s   own  s t o r e   and  e a c h  

s t o r e   c o n t a i n s   a  d u p l i c a t e   copy   of  t h e   s h a r e d   d a t a .   To  

e n s u r e   t h a t   b o t h   c o p i e s   a r e   k e p t   c o n s i s t e n t ,   e a c h   p r o c e s s o r  



has   d i r e c t   a c c e s s   to   t h e   s t o r e   of   t h e   o t h e r   p r o c e s s o r  

so  t h a t   i t   can   w r i t e   a  new  v a l u e   of  t h e   s h a r e d   d a t a   i n t o  

b o t h   s t o r e s   s i m u l t a n e o u s l y .   A  p r o b l e m   w i t h   t h i s   p r i o r  

p r o p o s a l   i s   t h a t   t h e r e   may  be  c o n f l i c t   b e t w e e n   t h e   p r o c e s s o r s  

i f   b o t h   a t t e m p t   to   a c c e s s   t h e   same  s t o r e   u n i t   a t   t h e   s a m e  

t i m e ,   and  e a c h   p r o c e s s o r   m u s t   w a i t   f o r   a l l   w r i t e s   to   t h e  

s h a r e d   d a t a   to   be  c o m p l e t e d   b e f o r e   i t   can  c o n t i n u e  

p r o c e s s i n g .   T h i s   s e r i o u s l y   r e d u c e s   t h e   e f f i c i e n c y   of  t h e  

s y s t e m .   M o r e o v e r ,   in  t h i s   p r i o r   p r o p o s a l ,   t h e   s h a r e d   d a t a  

m u s t   be  h e l d   in   a  f i x e d   s e t   of  l o c a t i o n s   in   e a c h   s t o r e ,   a n d  

t h i s   can   p r e v e n t   t h e   e f f i c i e n t   a l l o c a t i o n   of  s t o r a g e   s p a c e  

in  t h e   p r o c e s s o r s .   Bo th   t h e s e   p r o b l e m s   make  i t   v e r y  

d i f f i c u l t   to   e x t e n d   t h i s   p r o p o s a l   t o   more   t h a n   t w o  

p r o c e s s o r s .  

One  o b j e c t   of   t h e   p r e s e n t   i n v e n t i o n   i s   to   a l l e v i a t e  

t h e s e   p r o b l e m s .  

S u m m a r y  o f   t h e   i n v e n t i o n  

A c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n   a  d a t a   p r o c e s s i n g  

s y s t e m   c o m p r i s e s   a  p l u r a l i t y   of  p r o c e s s i n g   n o d e s   i n t e r -  

c o n n e c t e d   by  a t   l e a s t   one  d a t a   t r a n s m i s s i o n   l i n k ,   e a c h  

node   c o m p r i s i n g :  

(a)  a  d a t a   s t o r e   h o l d i n g   l o c a l   d a t a   i t e m s   u n i q u e   t o  

t h e   n o d e   and  a l s o   h o l d i n g   s h a r e d   d a t a   i t e m s   c o p i e s  

of  w h i c h   a r e   a l s o   h e l d   in  a t   l e a s t   one  o t h e r   n o d e ,  

a n d ,  

(b)  a  d a t a   p r o c e s s o r   c a p a b l e   of  r e a d i n g   and  u p d a t i n g  

d a t a   i t e m s   in  t h e   d a t a   s t o r e ,  



c h a r a c t e r i s e d   in   t h a t ;  

(a)  w h e n e v e r   t h e   p r o c e s s o r   in  one  node   u p d a t e s   a  

s h a r e d   d a t a   i t e m ,   t h e   n o d e   g e n e r a t e s   a  m e s s a g e  

c o n t a i n i n g   t h e   u p d a t e d   v a l u e   of  t h e   i t e m   and  i t s  

a d d r e s s   and  t r a n s m i t s   t h e   m e s s a g e   o v e r   t h e   l i n k   t o  

t h e   o t h e r   n o d e s ,   t h e   p r o c e s s o r   b e i n g   c a p a b l e   o f  

c o n t i n u i n g   w i t h   i t s   p r o c e s s i n g   w i t h o u t   w a i t i n g   f o r  

t h e   m e s s a g e   to   r e a c h   t h e   o t h e r   n o d e s ,   a n d  

(b)  when  t h e   m e s s a g e   i s   r e c e i v e d   by  t h e   o t h e r   n o d e s ,  

i t   i s   u s e d   t o   u p d a t e   t h e   c o p i e s   of  t h e   s h a r e d   d a t a  

i t e m   h e l d   in   t h e   s t o r e s   of  t h o s e   n o d e s ,   t h e r e b y  

e n s u r i n g   t h a t   a l l   c o p i e s   of  t h e   s h a r e d   d a t a   i t e m  

a r e   k e p t   c o n s i s t e n t .  

I t   can  be  s e e n   t h a t   t h e   i n v e n t i o n   p r o v i d e s   r a p i d   a c c e s s  

to  t h e   s h a r e d   d a t a ,   s i n c e   a  copy   i s   h e l d   l o c a l l y   in   e a c h  

node   and  e a c h   p r o c e s s o r   a c c e s s e s   o n l y   t h e   s t o r e   in  t h e   s a m e  

n o d e .   The  p r o b l e m   of   c o n f l i c t   b e t w e e n   d i f f e r e n t   p r o c e s s o r s  

a t t e m p t i n g   t o   a c c e s s   t h e   same  s t o r e   i s   a v o i d e d   s i n c e ,   w h e n  

a  node   t r a n s m i t s   a  m e s s a g e   t o   u p d a t e   an  i t e m   of  s h a r e d  

d a t a ,   i t   i s   f r e e   t o   c o n t i n u e   p r o c e s s i n g   and  d o e s   n o t   h a v e  

to   w a i t   f o r   a l l   t h e   c o p i e s   of  t h e   s h a r e d   i t e m   in  t h e   o t h e r  

n o d e s   to   be  u p d a t e d .  

In  a  p r e f e r r e d   s y s t e m   in   a c c o r d a n c e   w i t h   t h e   i n v e n t i o n ,  

t h e   a d d r e s s   c o n t a i n e d   in   e a c h   s a i d   m e s s a g e   i s   t h e   v i r t u a l  

a d d r e s s   of  t h e   d a t a   i t e m ,   e a c h   node   i d e n t i f y i n g   t h e   s a m e  

s h a r e d   d a t a   i t e m   by  t h e   same  v i r t u a l   a d d r e s s .  



The  f a c t   t h a t   t h e   m e s s a g e   c o n t a i n s   a  v i r t u a l   r a t h e r  

t h a n   a  r e a l   a d d r e s s   means   t h a t   d i f f e r e n t   n o d e s   can  s t o r e   t h e  

s h a r e d   d a t a   a t   d i f f e r e n t   l o c a t i o n s .   T h i s   f a c i l i t a t e s  

s t o r a g e   a l l o c a t i o n   in   t h e   n o d e s .  

One  d a t a   p r o c e s s i n g   s y s t e m   in  a c c o r d a n c e   w i t h   t h e  

i n v e n t i o n   w i l l   now  be  d e s c r i b e d ,   by  way  of   e x a m p l e ,   w i t h  

r e f e r e n c e   to   t h e   a c c o m p a n y i n g   d r a w i n g s .  

B r i e f   d e s c r i p t i o n   of  t h e   d r a w i n g s  

F i g u r e   1  i s   an  o v e r a l l   d i a g r a m   of  t h e   d a t a   p r o c e s s i n g  

s y s t e m .  

F i g u r e   2  i s   a  d i a g r a m   of  one  p r o c e s s i n g   n o d e .  

F i g u r e   3  i s   a  d i a g r a m   of  c o n t r o l   c i r c u i t r y   in  o n e  

n o d e .  

D e s c r i p t i o n   of  an  e m b o d i m e n t   of  t h e   i n v e n t i o n  

O v e r a l l   s y s t e m  

R e f e r r i n g   to   F i g u r e   1,  t h e   d a t a   p r o c e s s i n g   s y s t e m  

c o m p r i s e s   a  p l u r a l i t y   of   p r o c e s s i n g   n o d e s   lO  i n t e r c o n n e c t e d  

by  a  c o m m u n i c a t i o n   l i n k   11.  The  l i n k   c o m p r i s e s   a  p l u r a l i t y  

of  c o u p l e r s   12,  one  f o r   e a c h   n o d e ,   c o n n e c t e d   t o g e t h e r   in  a  

r i n g   by  u n i d i r e c t i o n a l   t r a n s m i s s i o n   p a t h s   1 3 .  

The  l i n k   11  i s   o r g a n i s e d   as  a  t o k e n   r i n g ,   in   w h i c h  

a  s p e c i a l   b i t   p a t t e r n ,   r e f e r r e d   to   as  t h e   t o k e n ,   i s   p a s s e d  

a r o u n d   t h e   r i n g   f rom  one  c o u p l e r   t o   t h e   n e x t .   W h e n e v e r  

a  c o u p l e r   has   a  m e s s a g e   to   s e n d ,   i t   w a i t s   u n t i l   i t   r e c e i v e s  

t h e   t o k e n ,   r e m o v e s   i t   f r om  t h e   r i n g ,   and  t h e n   t r a n s m i t s  

i t s   m e s s a g e .   The  m e s s a g e   t r a v e l s   r o u n d   t h e   r i n g ,   b e i n g  

c o p i e d   by  e a c h   c o u p l e r   in   t u r n   as  i t   p a s s e s   t h r o u g h ,   u n t i l  



i t   f i n a l l y   a r r i v e s   h a c k  . a t   t h e   o r i g i n a t i n g   c o u p l e r   w h e r e  

i t   i s   r e m o v e d   f r o m   t h e   r i n g .   A f t e r   s e n d i n g   i t s   m e s s a g e ,  

t h e   c o u p l e r   g e n e r a t e s   a  new  t o k e n   w h i c h   i s   p a s s e d   on  to   t h e  

n e x t   c o u p l e r .   T h e r e   i s   o n l y   one  t o k e n   and  h e n c e   o n l y   o n e  

m e s s a g e   can   be  on  t h e   r i n g   a t   a  t i m e .  

Token   r i n g s   a r e   w e l l   known  i n   t h e   a r t   and  so  i t   i s  

n o t   n e c e s s a r y   to   d e s c r i b e   t h e   l i n k   11  in   d e t a i l .   S u c h  

r i n g s   a r e   d e s c r i b e d ,   f o r   e x a m p l e ,   in   "An  i n t r o d u c t i o n   t o  

l o c a l   a r e a   n e t w o r k s "   by  C l a r k ,   P o g r a n   and  R e e d ,   P r o c e e d i n g s  

of  t h e   IEEE,   N o v e m b e r   1 9 7 8 ,   p a g e s   1 4 9 7 - 1 5 1 6 .  

I t   can   be  s e e n   t h a t   t h e   l i n k   has   t h e   p r o p e r t y   t h a t  

e a c h   n o d e   r e c e i v e s   m e s s a g e s   f rom  t h e   l i n k   in  t h e   s a m e  

s e q u e n c e .   The  i m p o r t a n c e   of  t h i s   f e a t u r e   i s   t h a t   i t  

e s t a b l i s h e s   a  g l o b a l l y   u n i q u e   c h r o n o l o g i c a l   o r d e r   f o r   t h e  

m e s s a g e s ,   even   t h o u g h   t h e   i n d i v i d u a l   n o d e s   a r e   o p e r a t i n g  

a s y n c h r o n o u s l y .  

P r o c e s s i n g   N o d e  

R e f e r r i n g   t o   F i g u r e   2,  e a c h   p r o c e s s i n g   node   lO  i n c l u d e s  

a  d a t a   p r o c e s s o r   14,   a  l o c a l   d a t a   s t o r e   15,  an  a d d r e s s  

t r a n s l a t i o n   u n i t   (ATU)  16,   and  a  d a t a   s l a v e   1 7 .  : E a c h   o f  

t h e s e   u n i t s   i s   w e l l   known  as  s u c h   and  so  w i l l   n o t   b e  

d e s c r i b e d   in   d e t a i l   h e r e i n .  

The  l o c a l   s t o r e   15  i s   a  r a n d o m   a c c e s s   memory  w h i c h  

h o l d s   l o c a l   d a t a   u n i q u e   to   t h e   n o d e ,   and  a l s o   s h a r e d   d a t a  

common  to  a t   l e a s t   one  o t h e r   n o d e .   The  d a t a   u n i q u e   to   t h e  

n o d e   i n c l u d e s   a d d r e s s   t r a n s l a t i o n   t a b l e s   f o r   t r a n s l a t i n g  

v i r t u a l   a d d r e s s e s   i n t o   r e a l   a d d r e s s e s .  



The  p r o c e s s o r   14  i s   a r r a n g e d   to   e x e c u t e   i n s t r u c t i o n s  

p e r f o r m i n g   p r o c e s s i n g   o p e r a t i o n s   on  t h e   d a t a .   Some  o f  

t h e s e   i n s t r u c t i o n s   a r e   READ  or   WRITE  i n s t r u c t i o n s   s p e c i f y i n g  

t h a t   a  d a t a   i t e m   s h o u l d   be  r e a d   f rom  or  w r i t t e n   to   t h e  

l o c a l   s t o r e   15.  E a c h   s u c h   i n s t r u c t i o n   p r o d u c e s   a  v i r t u a l  

a d d r e s s   w h i c h   s p e c i f i e s   t h e   i d e n t i t y   of  t h e   r e q u i r e d   d a t a  

i t e m .   E a c h   node   i d e n t i f i e s   a  g i v e n   d a t a   i t e m   by  t h e   s a m e  

v i r t u a l   a d d r e s s .   H o w e v e r ,   t h e   p h y s i c a l   l o c a t i o n   of  t h e  

d a t a   may  be  d i f f e r e n t   in   d i f f e r e n t   n o d e s .  

B e f o r e   a  d a t a   i t e m   can   be  a c c e s s e d ,   t h e   v i r t u a l   a d d r e s s  

m u s t   be  t r a n s l a t e d   i n t o   t h e   c o r r e s p o n d i n g   r e a l   a d d r e s s  

by  t h e   ATU  16.  T h i s   u n i t   c o n t a i n s   a  s m a l l   a s s o c i a t i v e  

memory  ( n o t   s h o w n l ,   r e f e r r e d   t o   as  t h e   a d d r e s s   t r a n s l a t i o n  

s l a v e ,   w h i c h   h o l d s   c o p i e s   of  t h e   m o s t   r e c e n t l y   u s e d  

t r a n s l a t i o n   t a b l e   e n t r i e s .   T h i s   s l a v e   p r o v i d e s   r a p i d  

a d d r e s s   t r a n s l a t i o n   in   t h e   m a j o r i t y   of  c a s e s .   In  t h o s e   c a s e s  

w h e r e   t h e   r e q u i r e d   a d d r e s s   t r a n s l a t i o n   t a b l e   e n t r y   i s   n o t -  

in  t h e   a d d r e s s   t r a n s l a t i o n   s l a v e ,   an  i n t e r r u p t   s i g n a l   i s  

g e n e r a t e d ,   c a u s i n g   t h e   p r o c e s s o r   14  to   be  i n t e r r u p t e d .  

T h i s   i n i t i a t e s   a  s p e c i a l   r o u t i n e   w h i c h   c o n s u l t s  t h e   a d d r e s s  

t r a n s l a t i o n   t a b l e s   in   t h e   l o c a l   s t o r e   15  and  l o a d s   t h e  

r e q u i r e d   e n t r y   i n t o   t h e   t r a n s l a t i o n   s l a v e .   T h i s   a d d r e s s  

t r a n s l a t i o n   p r o c e d u r e   i s   w e l l   known  and  so  w i l l   n o t   b e  

d e s c r i b e d   in  f u r t h e r   d e t a i l .  



In  t h e   p r e s e n t   s y s t e m ,   e a c h   a d d r e s s   t r a n s l a t i o n   t a b l e  

e n t r y   c o n t a i n s   an  e x t r a   f l a g   b i t   SD  ( s h a r e d   d a t a )   w h i c h   i s  

s e t   i f   t h e   c o r r e s p o n d i n g   d a t a   i t e m   i s   s h a r e d   b e t w e e n   t w o  

or  more   n o d e s .   T h i s   f l a g   i s   r e a d   ou t   of   t h e   a d d r e s s  

t r a n s l a t i o n   u n i t   16  w h e n e v e r   a  v i r t u a l   a d d r e s s   i s   t r a n s l a t e d .  

The  d a t a   s l a v e   17  c o n t a i n s   a  s m a l l   a s s o c i a t i v e   m e m o r y  

h a v i n g   a  f a s t e r   a c c e s s   t i m e   t h a n   t h e   l o c a l   s t o r e ,   f o r  

h o l d i n g   c o p i e s   of  t h e   m o s t   r e c e n t l y   u s e d   d a t a   i t e m s ,   a l o n g  

w i t h   t h e i r   v i r t u a l   a d d r e s s e s .   T h i s   s l a v e   p r o v i d e s   r a p i d  

a c c e s s   to   d a t a   i t e m s   in   t h e   m a j o r i t y   of  c a s e s .  

The  node   a l s o   i n c l u d e s   an  o u t p u t   b u f f e r   18  c a p a b l e   o f  

h o l d i n g   a  q u e u e   of  u p d a t e   m e s s a g e s   a w a i t i n g   t r a n s m i s s i o n   o v e r  

t h e   l i n k .   Each   m e s s a g e   c o n t a i n s :  

(a)  t h e   u p d a t e d   v a l u e   of  a  s h a r e d   d a t a   i t e m ,  

(b1  t h e   v i r t u a l   a d d r e s s   VA  of  t h a t   i t e m ,   a n d  

(c)  an  i d e n t i t y   t a g   ID,  o b t a i n e d   f r o m   an  i d e n t i t y  

r e g i s t e r   19  w h i c h   c o n t a i n s   a  h a r d - w i r e d   i d e n t i t y  

n u m b e r   u n i q u e   to   t h e   n o d e .  

The  m e s s a g e   may  a l s o   i n c l u d e   a  SIZE  f i e l d   i n d i c a t i n g  

t h e   n u m b e r   of   b y t e s   in  t h e   d a t a   i t e m ,   i f   t h e   i t e m s   a r e  

of  v a r i a b l e   l e n g t h .  

The  m e s s a g e s   a r e   h e l d   in   t h e   b u f f e r   18  u n t i l   t h e   t o k e n  

i s   r e c e i v e d   by  t h e   a s s o c i a t e d   c o u p l e r   12 ,   a l l o w i n g  

t r a n s m i s s i o n   to   b e g i n .   The  m e s s a g e s   in   t h e   b u f f e r   18  a r e  

t r a n s m i t t e d   in   c h r o n o l o g i c a l   o r d e r   ( i . e .   f i r s t   i n t o   t h e  

b u f f e r   i s   t h e   f i r s t   o u t l .  



E a c h   m e s s a g e   r e c e i v e d   o v e r   t h e   l i n k   11  by  t h e   n o d e  

( i n c l u d i n g   m e s s a g e s   o r i g i n a t i n g  f r o m   i t s e l f )   i s   c o p i e d  

i n t o   an  i n p u t   b u f f e r   20.   T h i s   b u f f e r   n e e d   o n l y   be  l a r g e  

e n o u g h   to   h o l d   one  m e s s a g e .   The  i d e n t i t y   t a g   ID  of  t h e  

m e s s a g e   in   t h e   b u f f e r   20  i s   c o m p a r e d   in   a  c o m p a r a t o r   2 1  

w i t h   t h e   c o n t e n t s   of  t h e   i d e n t i t y   r e g i s t e r   19 ,   to   p r o d u c e  

a  c o n t r o l   s i g n a l   TN  ( t h i s   n o d e )   w h i c h   i s   t r u e   i f   t h e   t w o  

i d e n t i t i e s   a r e   e q u a l .   In  o t h e r   w o r d s ,   TN-1  i n d i c a t e s   t h a t  

t h e   m e s s a g e   in  t h e   b u f f e r   20  o r i g i n a t e d   in   t h i s   n o d e .  

A  m u l t i p l e x e r   22  s e l e c t s   one  of  t h e   f o l l o w i n g   i n p u t s  

f o r   a p p l i c a t i o n   to   t h e   d a t a   i n p u t   of  t h e   d a t a   s l a v e   1 7 :  

( 0 ) :   d a t a   f rom  t h e   l o c a l   s t o r e   1 5 .  

(1) :  d a t a   f rom  t h e   p r o c e s s o r   1 4 .  

( 2 ) :   d a t a   f rom  t h e   b u f f e r   2 0 .  

A n o t h e r   m u l t i p l e x e r   23  s e l e c t s   one  of   t h e   f o l l o w i n g  

i n p u t s   f o r   a p p l i c a t i o n   to   t h e   a d d r e s s   i n p u t s   of   t h e   ATU 

16  and  d a t a   s l a v e   1 7 :  

(0)  and  (11:   t h e   v i r t u a l   a d d r e s s   VA  f r o m   t h e   p r o c e s s o r  

1 4 .  

( 2 ) :   t h e   v i r t u a l   a d d r e s s   f rom  t h e   b u f f e r   2 0 .  

R e f e r r i n g   to   F i g u r e   3,  t h e   node   a l s o   i n c l u d e s   a  

c o u n t e r   24  h a v i n g   a  c o n t r o l   i n p u t   CU  ( c o u n t   u p l   w h i c h  

i n c r e m e n t s   i t   by  o n e ,   and  a n o t h e r   i n p u t   CD  ( c o u n t   d o w n )  

w h i c h   d e c r e m e n t s   i t   by  o n e .   As  w i l l   be  e x p l a i n e d ,   t h e  

c o u n t e r   24  p r o v i d e s   a  r e c o r d   of  t h e   n u m b e r   of   o u t s t a n d i n g  



m e s s a g e s   in  t h e   n o d e   i . e .   m e s s a g e s   w h i c h   have   b e e n  

g e n e r a t e d   by  t h e   n o d e   and  w h i c h   have   n o t   y e t   b e e n   r e c e i v e d  

b a c k   i n t o   t h e   b u f f e r   20.   The  o u t p u t   of  t h e   c o u n t e r   24  i s  

f e d   to   a  NOR  g a t e   25  w h i c h   d e t e c t s   t h e   a l l - z e r o   s t a t e   o f  

t h e   c o u n t e r   and  p r o d u c e s   a  s i g n a l   CZ  ( c o u n t e r   z e r o ) .   T h u s ,  

CZ  =  1  i n d i c a t e s   t h a t   t h e r e   a r e   no  o u t s t a n d i n g   m e s s a g e s  

i n   t h i s   n o d e .  

O p e r a t i o n  

(1)  READ  I n s t r u c t i o n  

When  t h e   p r o c e s s o r   14  e x e c u t e s   a  READ  i n s t r u c t i o n ,   i t  

s w i t c h e s   t h e   m u l t i p l e x e r s   2 2 , 2 3   to  t h e i r   i n p u t s   m a r k e d   O.  

The  v i r t u a l   a d d r e s s   f r o m   t h e   p r o c e s s o r   i s   t h e r e f o r e   a p p l i e d  

to   t h e   d a t a   s l a v e   17  and   t h e   ATU  16.   I f   t h e   r e q u i r e d   d a t a  

i t e m   i s   r e s i d e n t   in   t h e   d a t a   s l a v e ,   i t   i s   r e a d   o u t  

i m m e d i a t e l y   and  r e t u r n e d   to   t h e   p r o c e s s o r .   I f ,   on  t h e  

o t h e r   h a n d ,   t h e   r e q u i r e d   d a t a   i t e m   i s   n o t   r e s i d e n t   in  t h e  

s l a v e ,   t h e   v i r t u a l   a d d r e s s   i s   t r a n s l a t e d   and  t h e   r e s u l t i n g  

r e a l   a d d r e s s   i s   a p p l i e d   to   t h e   l o c a l   s t o r e   15.  The  r e q u i r e d  

d a t a   i t e m   i s   t h e n   r e a d   o u t   of  t h e   l o c a l   s t o r e   and  r e t u r n e d  

to   t h e   p r o c e s s o r .   At  t h e   same  t i m e ,   t h e   d a t a   i t e m   i s  

c o p i e d   i n t o   t h e   d a t a   s l a v e   17  a l o n g   w i t h   i t s   v i r t u a l   a d d r e s s .  

The  a c t i o n   of  t h e   READ  i n s t r u c t i o n   i s   c o n v e n t i o n a l   and  s o  

t h e   r e l a t e d   c o n t r o l   c i r c u i t s   w i l l   n o t   be  d e s c r i b e d .  



(2)  WRITE  I n s t r u c t i o n  

W h e n e v e r   t h e   p r o c e s s o r   14  e x e c u t e s   a  WRITE  i n s t r u c t i o n ,  

i t   s w i t c h e s   t h e   m u l t i p l e x e r s   2 2 , 2 3   to   t h e i r   i n p u t s   m a r k e d   1 .  

The  v i r t u a l   a d d r e s s   f rom  t h e   p r o c e s s o r   i s   t h e r e f o r e  

a p p l i e d   to   t h e   d a t a   s l a v e   17  and  t h e   ATU  l 6 ,   and  t h e   d a t a  

i t e m   to   be  w r i t t e n   i s   a p p l i e d   to   t h e   d a t a   s l a v e .   The  d a t a  

i t e m   i s   t h e n   w r i t t e n   i n t o   t h e   s l a v e .   At  t h e   same  t i m e ,   t h e  

v i r t u a l   a d d r e s s   i s   t r a n s l a t e d ,   t h e   l o c a l   s t o r e   15  i s  

a d d r e s s e d ,   and  t h e   d a t a   i t e m   i s   c o p i e d   i n t o   t h e   l o c a l   s t o r e  

f rom  t h e   s l a v e .   T h i s   e n s u r e s   t h a t   t h e   l o c a l   s t o r e   i s  

c o n s i s t e n t   w i t h   t h e   s l a v e .   The  WRITE  i n s t r u c t i o n ,   a s  

d e s c r i b e d   so  f a r ,   i s   c o n v e n t i o n a l   and  so  t h e   r e l a t e d   c o n t r o l  

c i r c u i t s   w i l l   n o t   be  d e s c r i b e d   h e r e i n .  

R e f e r r i n g   a g a i n   to   F i g u r e   3,  t h e   WRITE  i n s t r u c t i o n   a l s o  

a c t i v a t e s   one  i n p u t   of  an  AND  g a t e   26,   t h e   o t h e r   i n p u t  

of  w h i c h   r e c e i v e s   t h e   s h a r e d   d a t a   f l a g   SD  f rom  t h e   ATU  1 6 .  

H e n c e ,   t h e   AND  g a t e   26  i s   e n a b l e d   i f   t h e   d a t a   i t e m   b e i n g  

u p d a t e d   by  t h e   WRITE  i n s t r u c t i o n   i s   a  s h a r e d   d a t a   i t e m .  

The  o u t p u t   of  t h e   g a t e   26  p r o d u c e s   a  c o n t r o l   s i g n a l   LB 

( l o a d   b u f f e r )   w h i c h   i s   a p p l i e d   to   t h e   o u t p u t   b u f f e r   1 8  

c a u s i n g   a  m e s s a g e   t o   be  l o a d e d   i n t o   i t .   T h i s   m e s s a g e   w i l l  

t h e n ,   in  due  c o u r s e ,   be  b r o a d c a s t   to   t h e   o t h e r   n o d e s   s o  

as  to   u p d a t e   a l l   t h e   o t h e r   c o p i e s   of  t h e   s h a r e d   d a t a   i t e m .  

The  o u t p u t   of  t h e   g a t e   26  i s   a l s o   a p p l i e d   to   t h e   c o u n t - u p  

i n p u t   CU  of  t h e   c o u n t e r   24.  T h i s   u p d a t e s   t h e   r e c o r d   i n  

t h e   c o u n t e r   24  of  t h e   n u m b e r   of  o u t s t a n d i n g   m e s s a g e s .  



C31  R e c e i v e   M e s s a g e  

W h e n e v e r   a  m e s s a g e   i s   r e c e i v e d   i n t o   t h e   i n p u t   b u f f e r  

20,   i t   s w i t c h e s   t h e   m u l t i p l e x e r s   2 2 , 2 3   to   s e l e c t   t h e i r   i n p u t s  

m a r k e d   2,  and  a l s o   a c t i v a t e s   one  i n p u t   of  e a c h   of  f o u r  

AND  g a t e s   2 7 ,  2 8 ,   29  and  3 0 .  

The  o t h e r   i n p u t   of  g a t e   27  r e c e i v e s   t h e   s i g n a l   TN.  

H e n c e ,   g a t e   27  i s   e n a b l e d   w h e n e v e r   a  m e s s a g e   i s   r e c e i v e d  

w h i c h   o r i g i n a t e d   a t   t h i s   n o d e .   The  o u t p u t   of  t h e   g a t e   27  

i s   a p p l i e d   to   t h e   c o u n t - d o w n   i n p u t   CD  of  t h e   c o u n t e r   24  

c a u s i n g   i t   to   be  d e c r e m e n t e d   by  o n e ,   i n d i c a t i n g   t h a t   one  o f  

t h e   o u t s t a n d i n g   m e s s a g e s   has   b e e n   r e c e i v e d .  

G a t e   28  r e c e i v e s   t h e   i n v e r s e   of  t h e   s i g n a l   TN.  H e n c e ,  

g a t e   28  i s   e n a b l e d   i f   t h e   m e s s a g e   in   t h e   b u f f e r   2 0  

o r i g i n a t e d   f rom  a n o t h e r   n o d e .   The  o u t p u t   of   g a t e   28  e n a b l e s  

an  OR  g a t e   31 ,   p r o d u c i n g   a  s i g n a l   WD  w h i c h   c a u s e s   t h e   d a t a  

i t e m  i n   t h e   b u f f e r   20  to   be  w r i t t e n   i n t o   t h e   d a t a   s l a v e   17  

and  t h e n   i n t o   t h e   l o c a l   s t o r e   15,   as  i f   t h i s   was  a  n o r m a l  

WRITE  i n s t r u c t i o n .   I t   s h o u l d   be  n o t e d ,   h o w e v e r ,   t h a t   i f   a  

copy   of  t h e   d a t a   i t e m   i s   n o t   h e l d   in  t h i s   n o d e   (a  s h a r e d  

d a t a   i t e m   i s   n o t   n e c e s s a r i l y   h e l d   in   e v e r y   n o d e ) ,   t h e   ATU 

w i l l   n o t   r e c o g n i s e   t h e   v i r t u a l   a d d r e s s   in   t h e   b u f f e r   20  a n d  

so  no  w r i t e   w i l l   t a k e   p l a c e .  



The  a c t i o n   of   w r i t i n g   t h e   i t e m   to   t h e   d a t a   s l a v e  

e l i m i n a t e s   t h e   n e e d   to   p u r g e   t h e   d a t a   s l a v e   b e f o r e   a c c e s s ,  

as  i s   n o r m a l l y   r e q u i r e d   in   c o n v e n t i o n a l   s y s t e m s   h a v i n g   a  

s h a r e d   ma in   s t o r e .  

I t   s h o u l d   be  n o t e d   t h a t   u p d a t e   m e s s a g e s   o r i g i n a t i n g  

f rom  t h e   n o d e   i t s e l f   a r e   n o t   n o r m a l l y   w r i t t e n   i n t o   t h e  

l o c a l   s t o r e   when  r e c e i v e d   f rom  t h e   l i n k ,   s i n c e   t h e   d a t a   i t e m  

in  q u e s t i o n   has   a l r e a d y   b e e n   u p d a t e d   a t   t h e   t i m e   t h e   m e s s a g e  

was  c r e a t e d   (as  d e s c r i b e d   a b o v e   u n d e r   t h e   h e a d i n g   "WRITE 

i n s t r u c t i o n " ) .  

I f   t h e   node   r e c e i v e s   an  u p d a t e   m e s s a g e   f rom  a n o t h e r  

node   w h i l e   i t   ( t h e   f i r s t   n o d e l   s t i l l   ha s   a t   l e a s t   o n e  

o u t s t a n d i n g   u p d a t e   m e s s a g e ,   t h e   r e c e i v e d   m e s s a g e   may  o v e r -  

w r i t e   t h e   d a t a   i t e m   w h i c h   has   a l r e a d y   b e e n   u p d a t e d   by  t h e  

f i r s t   node   a t   t h e   t i m e   i t   c r e a t e d   t h e   o u t s t a n d i n g   m e s s a g e .  

The  d a t a   i t e m   w o u l d   t h u s   be  o v e r w r i t t e n   by  a  c h r o n o l o g i c a l l y  

e a r l i e r   v a l u e ,   and  t h i s   i s   c l e a r l y   i n c o r r e c t .   ( I t   w i l l   b e  

r e c a l l e d   t h a t   t h e   c h r o n o l o g y   of  t h e   u p d a t e s   i s   d e t e r m i n e d  

by  t h e   o r d e r   in  w h i c h   t h e   u p d a t e   m e s s a g e s   a r e   r e c e i v e d   f r o m  

the   l i n k ) . .   T h i s   s i t u a t i o n   i s   d e t e c t e d   by  t h e   AND  g a t e   2 9 ,  

w h i c h   r e c e i v e s   t h e   i n v e r s e s   of  t h e   s i g n a l s   CZ  and  TN.  T h e  

o u t p u t   of  t h e   g a t e   29  s e t s   a  b i s t a b l e   32  p r o d u c i n g   a  s i g n a l  

SUSP  ( s u s p e n d )   w h i c h   c a u s e s   t h e   p r o c e s s o r   l4  to   s u s p e n d   i t s  

o p e r a t i o n .   The  p r o c e s s o r   t h e n   r e m a i n s  . s u s p e n d e d   u n t i l   t h e  

c o u n t e r   24  r e t u r n s   to   z e r o ,   i n d i c a t i n g   t h a t   a l l   o u t s t a n d i n g  

m e s s a g e s   h a v e   b e e n   r e c e i v e d .   The  s i g n a l   CZ  t h e n   r e s e t s   t h e  

b i s t a b l e   32,   r e m o v i n g   t h e   s u s p e n s i o n .  



W h i l e   t h e   p r o c e s s o r   i s   s u s p e n d e d ,   t h e   l o c a l   s t o r e   c a n  

s t i l l   be  u p d a t e d   by  i n c o m i n g   m e s s a g e s ,   and  in  t h i s   c a s e   i t  

i s   u p d a t e d   by  a l l   i n c o m i n g   m e s s a g e s ,   n o t   j u s t   t h o s e   f r o m  

o t h e r   n o d e s .   The  e n s u r e s   t h a t ,   by  t h e   t i m e   t h e   s u s p e n s i o n  

i s   r e m o v e d ,   a l l   t h e   d a t a   i t e m s   w i l l   h ave   b e e n   b r o u g h t  

c o m p l e t e l y   u p - t o - d a t e .   T h i s   i s   a c h i e v e d   by  means   of  t h e  

AND  g a t e   30  w h i c h   i s   e n a b l e d   by  t h e   s i g n a l   SUSP,  t h e   o u t p u t  

of  g a t e   30  b e i n g   a p p l i e d   to   t h e   OR  g a t e   31  to  p r o d u c e   t h e  

s i g n a l   WD. 

Some  p o s s i b l e   m o d i f i c a t i o n s  

In  t h e   s y s t e m   d e s c r i b e d   a b o v e ,   t h e   node   i s   s u s p e n d e d  

i f   i t   r e c e i v e s   an  u p d a t e   m e s s a g e   f rom  a n o t h e r   node   w h i l e  

t h e r e   a r e   one  or  more   u p d a t e   m e s s a g e s   s t i l l   o u t s t a n d i n g  

f r o m   t h i s   n o d e .   T h i s   can  s o m e t i m e s   l e a d   to   u n n e c e s s a r y  

s u s p e n s i o n s :   i t   i s   s t r i c t l y   o n l y   n e c e s s a r y   to   s u s p e n d  

p r o c e s s i n g   i f   t h e   u p d a t e   m e s s a g e   f rom  t h e   o t h e r   n o d e  

r e f e r s   to   t h e   same  d a t a   i t e m   as  one  of  t h e   o u t s t a n d i n g  

u p d a t e s .  

In  a  m o d i f i c a t i o n   of  t h e   s y s t e m   d e s c r i b e d   a b o v e ,   t h e s e  

u n n e c e s s a r y   s u s p e n s i o n s   may  be  r e d u c e d   by  p r o v i d i n g   e a c h  

n o d e   w i t h   a  h a s h - a d d r e s s e d   or  a s s o c i a t i v e l y   a d d r e s s e d   b i t  

map  w h i c h   e f f e c t i v e l y   s t o r e s   a  r e c o r d   of   t h e   v i r t u a l  

a d d r e s s   of  e a c h   d a t a   i t e m   u p d a t e d   by  t h e   n o d e .   T h i s   b i t  

map  may  c o n v e n i e n t l y   be  i m p l e m e n t e d   by  a p p e n d i n g   an  e x t r a  

b i t   MO  ( m e s s a g e   o u t s t a n d i n g l   to   e a c h   e n t r y   in   t h e   d a t a  

s l a v e   17.  The  c o n t r o l   c i r c u i t s   in   F i g u r e   3  a r e   m o d i f i e d  

as  f o l l o w s :  



(a)  T h e  o u t p u t   of  t h e   AND  g a t e   26  p r o v i d e s   a  f u r t h e r  

s i g n a l   w h i c h   s e t s   t h e   b i t   MO  in   t h e   c u r r e n t l y  

a d d r e s s e d   l o c a t i o n   of  t h e   d a t a   s l a v e .  

(b)  The  s i g n a l   CZ  i s   u s e d   to   c l e a r   t h e   b i t   m a p  

by  r e s e t t i n g   a l l   t h e   b i t s   MO,  as  w e l l   as  r e s e t t i n g  

t h e   b i s t a b l e   3 0 .  

(c)  The  i n p u t   CZ  t o   t h e   g a t e   29  i s   r e p l a c e d   by  t h e  

b i t   MO  f rom  t h e   c u r r e n t l y   a d d r e s s e d   l o c a t i o n   of  t h e  

s l a v e .  

The  r e s u l t   of  t h i s   m o d i f i c a t i o n   i s   t h a t   s u s p e n s i o n  

o c c u r s   o n l y   i f   an  u p d a t e   m e s s a g e   i s   r e c e i v e d   f rom  a n o t h e r  

n o d e ,   r e f e r r i n g   to   a  v i r t u a l   a d d r e s s   w h i c h   has   b e e n   t a g g e d  

by  t h e   b i t   m a p .  

I t   s h o u l d   be  n o t e d ,   h o w e v e r ,   t h a t   once   a  b i t   i n   t h e  

b i t   map  has   b e e n   s e t ,   i t   i s   n o t   c l e a r e d   u n t i l   C Z = l ,  

i n d i c a t i n g   t h a t   a l l   o u t s t a n d i n g   m e s s a g e s   h a v e   b e e n   r e c e i v e d .  

T h e  r e a s o n   f o r   t h i s   i s   t h a t   t h e   node   may  h a v e   u p d a t e d  

two  or  more   d a t a   i t e m s   w h o s e   v i r t u a l   a d d r e s s e s   map  on  t o  

t h e   same  b i t   of  t h e   b i t   map,   and  i t   w o u l d   t h e r e f o r e   n o t  

be  c o r r e c t   to   c l e a r   t h e   m e s s a g e   o u t s t a n d i n g   b i t . M O   o n  

r e c e i p t   of  t h e   f i r s t   of  t h e s e   m e s s a g e s .   The  r e s u l t   of  t h i s  

i s   t h a t ,   a l t h o u g h   t h e   b i t   map  r e d u c e s   t h e   n u m b e r   o f  

u n n e c e s s a r y   s u s p e n s i o n s ,   i t   d o e s   n o t   e l i m i n a t e   t h e m  

e n t i r e l y .  



In  a  f u r t h e r   m o d i f i c a t i o n   of  t h e   s y s t e m   d e s c r i b e d ,  

t h e   u n n e c e s s a r y   s u s p e n s i o n s   may  be  e l i m i n a t e d   e n t i r e l y  

by  r e p l a c i n g   t h e   b i t   map  and  t h e   c o u n t e r   24  by  a  p l u r a l i t y  

of  c o u n t e r s ,   one   f o r   e a c h   l o c a t i o n   of  t h e   d a t a   s l a v e .  

5  The  o u t p u t   of   AND  g a t e s   26  and  27  a r e   t h e n   u s e d   to   i n c r e m e n t  

or  d e c r e m e n t   o n l y   t h e   c o u n t e r   c o r r e s p o n d i n g   to   t h e   a d d r e s s e d  

l o c a t i o n   of  t h e   s l a v e .   In  t h i s   way ,   a  r e c o r d   can  b e  

k e p t   of  t h e   n u m b e r   of  o u t s t a n d i n g   m e s s a g e s   r e l a t i n g   t o  

e a c h   l o c a t i o n   of  t h e   s l a v e .   T h i s   can   t h e n   be  u s e d   t o  

e n s u r e   t h a t   s u s p e n s i o n   o c c u r s   o n l y   when  i t   i s   s t r i c t l y  

n e c e s s a r y .  

In  a n o t h e r   p o s s i b l e   m o d i f i c a t i o n   of  t h e   i n v e n t i o n ,  

i n s t e a d   of  a  s i n g l e   t r a n s m i s s i o n   l i n k   11,   t h e   n o d e s   m a y  

h a v e   a  p l u r a l i t y   of  l i n k s   i n t e r c o n n e c t i n g   t h e m .   T r a f f i c  

i s   a l l o c a t e d   t o   t h e   l i n k s   in   s u c h   a  m a n n e r   t h a t   m e s s a g e s  

r e l a t i n g   to   a  g i v e n   a r e a   of  v i r t u a l   s t o r e   a r e   a l l   s e n t  

o v e r   t h e   same  l i n k ;   i n d e p e n d e n t   a r e a s   of  v i r t u a l   s t o r e  

may  be  a l l o c a t e d   to   s e p a r a t e   l i n k s   p r o v i d e d   t h a t   no  p r o c e s s  

or   c h a i n   of  p r o c e s s e s   r e l i e s   on  e x a c t   c h r o n o l o g y   b e i n g  

m a i n t a i n e d   b e t w e e n   t h e s e   a r e a .   The  u s e   of  a  p l u r a l i t y   o f  

l i n k s   i n c r e a s e s   t h e   t r a f f i c   c a p a c i t y   b e t w e e n   t h e   n o d e s .  

I t   a l s o   h e l p s   to   make  t h e   s y s t e m   t o l e r a n t   to   f a i l u r e   i n  

one  of   t h e   l i n k s ,   s i n c e   t r a f f i c   on  t h a t   l i n k   c o u l d   b e  

r e - a l l o c a t e d   to   a n o t h e r   l i n k .  



I t   s h o u l d   be  n o t e d   t h a t   t h e   i n v e n t i o n   i s   n o t  

r e s t r i c t e d   to   a  c o m m u n i c a t i o n s   l i n k   in   t h e   f o r m   of  a  

t o k e n   r i n g .   Any  c o n v e n i e n t   fo rm  of  l i n k   may  be  u s e d  

p r o v i d e d   i t   s a t i s f i e s   t h e   c r i t e r i o n   m e n t i o n e d   a b o v e ,   t h a t  

a l l   n o d e s   a r e   g u a r a n t e e d   to   r e c e i v e   t h e   m e s s a g e s   f r o m   t h e  

l i n k   in  t h e   same  s e q u e n c e .   For   e x a m p l e ,   t h e   l i n k   may  b e  

a  s t o r e - a n d - f o r w a r d   p a c k e t - s w i t c h e d   n e t w o r k ,   in   w h i c h  

c a s e   t h e   c r i t e r i o n   can   be  s a t i s f i e d   by  e n s u r i n g   t h a t   a l l  

m e s s a g e s   p a s s   t h r o u g h   a  s i n g l e   p r o c e s s   w h o s e   r e s p o n s i b i l i t y  

i t   i s   to   f o r w a r d   t h e   m e s s a g e s   to   e a c h   r e c i p i e n t   on  t h e   l i n k  

in  t h e   same  o r d e r .  

In  t h e   a b o v e   d e s c r i p t i o n ,   i t   was  s t a t e d   t h a t   e a c h  

n o d e   r e f e r s   to   e a c h   s h a r e d   d a t a   i t e m   by  t h e   same  v i r t u a l  

a d d r e s s .   T h i s   r e q u i r e m e n t   c o u l d   be  r e m o v e d   by  i n t r o d u c i n g  

a n o t h e r   l e v e l   of  a d d r e s s   t r a n s l a t i o n .   E a c h   n o d e   w o u l d  

t h e n   r e f e r   to   a  s h a r e d   d a t a   i t e m   by  a  u n i q u e   v i r t u a l  

a d d r e s s ,   and  t h i s   w o u l d   be  t r a n s l a t e d   i n t o   a  common  v i r t u a l  

a d d r e s s   f o r   i n s e r t i o n   i n t o   an  u p d a t e   m e s s a g e .  

The  i n v e n t i o n   has   b e e n   d e s c r i b e d   in   t e r m s   of  a  m u l t i -  

p r o c e s s o r   s y s t e m .   H o w e v e r ,   a n o t h e r   p o s s i b l e   a p p l i c a t i o n  

of  t h e   i n v e n t i o n   i s   in   a  d i s t r i b u t e d   d a t a   b a s e   s y s t e m .  

In  t h i s   c a s e ,   e a c h   n o d e   w o u l d   be  a  d a t a b a s e   p r o c e s s o r   a n d  

w o u l d   i n c l u d e   a  n u m b e r   of  f i l e   s t o r a g e   d e v i c e s   c o r r e s p o n d i n g  

t o   t h e   l o c a l   s t o r e .  



S e m a p h o r e s  

The  s h a r e d   d a t a   in   t h e   n o d e s   may  i n c l u d e   s e m a p h o r e  

d a t a .   A  s e m a p h o r e   i s   a  d a t a   i t e m   a s s o c i a t e d   w i t h   a  

p a r t i c u l a r   a r e a   of  s t o r e   ( e . g .   a  d a t a   f i l e   w h i c h   i s   u s e d  

to   c o n t r o l   a c c e s s   to   t h a t   a r e a   by  i n d e p e n d e n t   p r o c e s s e s ,  

so  as  to   e n s u r e   t h a t   o n l y   one  p r o c e s s   a t   a  t i m e   can  a c c e s s  

t h e   d a t a .   In  t h e   d e s c r i b e d   s y s t e m ,   s e m a p h o r e   o p e r a t i o n s  

a r e   p e r f o r m e d   by  b r o a d c a s t i n g   a  s e m a p h o r e   m e s s a g e   o v e r   t h e  

l i n k .   R e c e i p t   of  t h i s   m e s s a g e   by  a  node   o t h e r   t h a n   t h e  

o r i g i n a t o r   c a u s e s   t h e   v a l u e   of  t h e   s e m a p h o r e   l o c a t i o n   to   b e  

u p d a t e d .   The  o r i g i n a t o r   a w a i t s   t h e   r e t u r n   of  t h e   m e s s a g e  

f r o m   t h e   l i n k   b e f o r e   p e r f o r m i n g   t h e   s e m a p h o r e   o p e r a t i o n   o n  

t h e   s e m a p h o r e   l o c a t i o n   in   i t s   own  l o c a l   s t o r e .   T h i s   e n s u r e s  

t h a t   s e m a p h o r e   l o c a t i o n s   a r e   m a i n t a i n e d   in  a b s o l u t e  

s y n c h r o n i s m   a c r o s s   a l l   t h e   n o d e s .  



1.  A  d a t a   p r o c e s s i n g   s y s t e m   c o m p r i s i n g   a  p l u r a l i t y   o f  

p r o c e s s i n g   n o d e s   (10)   i n t e r c o n n e c t e d   by  a t   l e a s t   one  d a t a  

t r a n s m i s s i o n   l i n k   ( 1 1 ) ,   e a c h   node   c o m p r i s i n g :  

(a)   a  d a t a   s t o r e   (15)   h o l d i n g   l o c a l   d a t a   i t e m s   u n i q u e  

to  t h a t   node  and  a l s o   h o l d i n g   s h a r e d   d a t a   i t e m s   c o p i e s  

of  which   a r e   a l s o   h e l d   in  a t   l e a s t   one  o t h e r   n o d e ,   a n d  

(b)  a  d a t a   p r o c e s s o r   (14)   c a p a b l e   of  r e a d i n g   a n d  

u p d a t i n g   d a t a   i t e m s   in  t he   d a t a   s t o r e ,  

c h a r a c t e r i s e d   in  t h a t :  

(a)  w h e n e v e r   t h e   p r o c e s s o r   (14)   in  one  node   u p d a t e s   a  

s h a r e d   d a t a   i t e m ,   t h e   node   (10)  g e n e r a t e s   a  m e s s a g e  

c o n t a i n i n g   t h e   u p d a t e d   v a l u e   of  t h e   i t e m   and  i t s  

a d d r e s s   and  t r a n s m i t s   t h e   m e s s a g e   o v e r   t h e   l i n k   ( 1 1 )  

to  t he   o t h e r   n o d e s   ( 1 0 ) ,   t h e   p r o c e s s o r   b e i n g   c a p a b l e  

of  c o n t i n u i n g   w i t h   i t s   p r o c e s s i n g   w i t h o u t   w a i t i n g   f o r  

t he   m e s s a g e   to  r e a c h   t h e   o t h e r   n o d e s ,   a n d  

(b)  when  t he   m e s s a g e   is  r e c e i v e d   by  t h e   o t h e r   n o d e s  

i t   is  u sed   to  u p d a t e   t he   c o p i e s   of  t h e   s h a r e d   d a t a  

i t e m   h e l d   in  t h e   s t o r e s   (15)  of  t h o s e   n o d e s ,   t h e r e b y  

e n s u r i n g   t h a t   a l l   c o p i e s   of  t he   s h a r e d   d a t a   i t e m   a r e  

k e p t   c o n s i s t e n t .  

2.  A  s y s t e m   a c c o r d i n g   to  C l a i m   1  w h e r e i n   each   n o d e  

i n c l u d e s   a  f i r s t - i n   f i r s t - o u t   b u f f e r   f o r   h o l d i n g   a  q u e u e   o f  

m e s s a g e s   a w a i t i n g   t r a n s m i s s i o n   o v e r   t h e   l i n k .  



3.  A  s y s t e m   a c c o r d i n g   to  C l a i m   2  w h e r e i n   each   n o d e  

i n c l u d e s   means   f o r   c o u n t i n g   t h e   number   of  m e s s a g e s   i t   h a s  

g e n e r a t e d   wh ich   have   no t   y e t   been   t r a n s m i t t e d ,   and  m e a n s  

f o r   t e m p o r a r i l y   s u s p e n d i n g   o p e r a t i o n   of  t he   node   w h e n e v e r   a  

m e s s a g e   i s   r e c e i v e d   f rom  a n o t h e r   node  w h i l e   s a i d   number   o f  

m e s s a g e s   is  g r e a t e r   t h a n   z e r o .  

4.  A  s y s t e m   a c c o r d i n g   to  C l a i m   3  w h e r e i n   t h e   d a t a  

t r a n s m i s s i o n   l i n k   c o m p r i s e s   a  r i n g   n e t w o r k ,   and  w h e r e i n   t h e  

means   f o r   c o u n t i n g   c o m p r i s e s   a  c o u n t e r   wh ich   is   i n c r e m e n t e d  

by  one  w h e n e v e r   a  m e s s a g e   is  p l a c e d   in  t h e   b u f f e r ,   a n d  

d e c r e m e n t e d   by  one  w h e n e v e r   a  m e s s a g e   is  r e c e i v e d   w h i c h  

o r i g i n a t e d   a t   t he   same  n o d e ,   h a v i n g   t r a v e l l e d   c o m p l e t e l y  

r o u n d   t h e   r i n g .  

5.  A  s y s t e m   a c c o r d i n g   to  any  p r e c e d i n g   c l a i m   w h e r e i n   t h e  

t r a n s m i s s i o n   l i n k   is  such   t h a t   a l l   t h e   n o d e s   r e c e i v e   t h e  

m e s s a g e s   f rom  t he   l i n k   in  t h e   same  s e q u e n c e .  

6.  A  s y s t e m   a c c o r d i n g   to  C l a i m   5  w h e r e i n   t h e   t r a n s m i s s i o n  

l i n k   c o m p r i s e s   a  r i n g   n e t w o r k   in  wh ich   o n l y   one  m e s s a g e   a t  

a  t i m e   is  p r e s e n t   on  t h e   l i n k .  



7.  A  s y s t e m   a c c o r d i n g   to  any  p r e c e d i n g   c l a i m   w h e r e i n   t h e  

a d d r e s s   c o n t a i n e d   in  e a c h   s a i d   m e s s a g e   is   t h e   v i r t u a l  

a d d r e s s   of  t h e   d a t a   i t e m ,   each   node   i d e n t i f y i n g   t h e   s a m e  

s h a r e d   d a t a   i t e m   by  t h e   same  v i r t u a l   a d d r e s s .  

8.  A  s y s t e m   a c c o r d i n g   to  C l a i m   7  w h e r e i n   e a c h   n o d e  

i n c l u d e s   an  a d d r e s s   t r a n s l a t i o n   u n i t   f o r   t r a n s l a t i n g   s a i d  

v i r t u a l   a d d r e s s   i n t o   a  r e a l   a d d r e s s   i d e n t i f y i n g   t h e  

p h y s i c a l   l o c a t i o n   of  t he   d a t a   i t e m   in  t h e   d a t a   s t o r e .  

9.  A  s y s t e m   a c c o r d i n g   to  C l a i m   8  w h e r e i n   t h e   a d d r e s s  

t r a n s l a t i o n   u n i t ,   w h e n e v e r   i t   t r a n s l a t e s   t h e   v i r t u a l  

a d d r e s s   of  a  d a t a   i t e m ,   a l s o   p r o d u c e s   a  s i g n a l   i n d i c a t i n g  

w h e t h e r   t h a t   d a t a   i t e m   is  a  s h a r e d   d a t a   i t e m .  

10.  A  s y s t e m   a c c o r d i n g   to  any  p r e c e d i n g   c l a i m   in  w h i c h   t h e  

s h a r e d   d a t a   c o n s i s t s   of  a  p l u r a l i t y   of  i n d e p e n d e n t   a r e a s  

and  w h e r e i n   t h e   n o d e s   a r e   i n t e r c o n n e c t e d   by  a  p l u r a l i t y   o f  

d a t a   t r a n s m i s s i o n   l i n k s ,   one  f o r   e a c h   s a i d   a r e a .  
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